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ABSTRACT
A kinetic study of kraft pulp chlorination has
resulted in a novel phenomenological description
of the process. The description incorporates
transport of chlorine within the cell wall as the
process that limits the rate of disappearance of
chlorine. Characteristic features of chlorina-
tion, including the dramatic decrease in rate and
the asymptotic limit to the conversion of lignin,
are explained by phenomena that significantly
influence intrafiber diffusion of chlorine. The
rapid initial phase of chlorination is the result
of unsteady diffusion of chlorine coupled with
rapid chemical reactions. The reactions serve to
accentuate the flux of chlorine into the cell wall
by maintaining a large gradient in the concentra-
tion of chlorine. The decrease in rate, as well as
the asymptotic limit to conversion, are produced by
structural changes within the cell wall. They
result in progressive pore closure, significantly
reducing the effective diffusivity of chlorine
within the cell wall and rendering certain portions
of the remaining lignin macromolecule inaccessible
to further reaction.
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INTRODUCTION
Although it is apparently a simple process, the
chlorination of kraft pulp represents a complex set
of chemical and physical phenomena. These include
a plethora of significant chemical reactions,
including substitution, oxidation, demethylation,
and electrophilic displacement (1), and several
mass transport steps. Before it can react with
residual lignin in the fiber wall, chlorine must be
transported across several physical regions in suc-
cession: a gas-liquid interfacial film, the bulk
liquid phase, a liquid film enveloping each fiber,
the liquid-filled pores within the cell wall, and
the polymeric constituents of the cell wall. The
complexity of this system of interrelated phenomena
has so far precluded a comprehensive understanding
of the chlorination process.
In the study of systems such as this, it is
usually assumed that the individual transport steps
and chemical reaction occur in series. If one of
these steps is significantly slower than the others,
then it can be assumed to limit the overall rate
and is referred to as the rate determining step
(RDS). Knowing which step is the RDS is important
because it allows the process to be modeled as if
it consisted only of that step and it provides a
focus for research aimed at optimizing and
controlling the process.
It is also important to recognize that during
any given process the identity of the RDS may
change and that it may depend on conditions. In
pulp chlorination, the chemical reaction is ini-
tially extremely fast and is therefore less likely
to be rate limiting than at a later stage in the
process when slower reactions predominate. If
mixing is poor, transport of chlorine to the fiber
is more likely to be the RDS than if good mixing
distributes chlorine evenly throughout the pulp
suspension. Good dispersion of gaseous chlorine
will reduce the chances of gas-liquid mass transfer
being the RDS by increasing interfacial area.
The advent of high shear mixing technology and
equipment offers the possibility of improving the
rate, uniformity, and control of chlorination
stages by removing the obstacles inherent in poor
mixing and dispersion. This narrows the range of
candidates for RDS and improves the chances of suc-
cessfully modeling the process. Accordingly, the
present study was undertaken to identify the RDS
and model the process under conditions of high tur-
bulence and good mixing. To simplify this task we
chose to confine the study to the two phase (liquid-
solid) system at low consistency. This assumes
that gas dispersion will be adequate to maintain
sufficient chlorine in the liquid phase or that
predissolved chlorine is used. In situations where
neither of these conditions is met, it will be
necessary to supplement the model with data on
chlorine dissolution kinetics, to be obtained
separately.
The type of experimental system chosen was dic-
tated by the mixing requirement and also by the
high rate of reaction of chlorine with kraft pulp.
The high reaction rate makes it necessary to use a
fast flow reactor to allow observation of the rate
at a relatively early stage in the reaction. This,
together with the need for turbulent mixing, led us
to choose a continuous stirred tank reactor (CSTR)
system. Under conditions of steady state operation
the contents of the CSTR are uniform in composition
and temperature and its use affords the ability to
determine concentration-rate data pairs directly
from a mass balance around the reactor. This
requires only that the rates of flow of pulp and
aqueous chlorine to the reactor be known, and that
the concentration of chlorine at the reactor outlet
be measured. Other advantages of the CSTR include
the ability to achieve ideal and nonideal states of
mixing by varying the impeller speed, the means to
distinguish between these states, and the ability
to study the reaction at lower average degrees of
conversion than in the alternative plug flow reac-
tor. Its only disadvantage is the mathematical
complexity introduced at the data analysis stage by
the need to account for the distribution of fiber
residence times.
ASCERTAINING THE RATE DETERMINING STEP
Three likely candidates for the RDS are transport
of chlorine through a liquid film enveloping each
fiber, transport of chlorine within the cell wall,
and chemical reaction between chlorine and lignin.
A summary of hypotheses concerning the RDS from
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previous kinetic analyses of kraft pulp chlorina-
tion is presented in Table 1. A variety of hy-
potheses concerning the RDS have been forwarded,
although none has been universally accepted. Ex-
perimental chlorination trials have been conducted
using three types of reactors: plug flow, batch,
and displacement. Because the mixing conditions in
these reactors were not well characterized, the
results may not be applicable to well mixed
systems.




Investigator Year of Reactor Step
Chapnerkar 1961 Batch Chemical
(2) reaction
Rapson and 1966 Displacement Film
Anderson (3) transport
Russell (4,5) 1966 Tubular Chemical
reaction
Karter and 1971 Tubular Intrafiber
Bobalek (6,7) transport
Ackert (8,9) 1973 Batch, Chemical
Displacement reaction
Pal'vinskii 1983 Batch Chemisorption
(10)
Berry and 1985 Batch Chemical
Fleming (11) reaction
Film Transport
Rapson and Anderson (3) postulated that diffusion
of a bleaching agent through an aqueous film en-
veloping each fiber limited the rate of bleaching.
This hypothesis can be tested by determining the
effect of impeller speed on the rate of disap-
pearance of chlorine. If film diffusion is the
RDS, an increase in the rate will be observed at
higher speeds because of the associated reduction
in film thickness. In a previous study employing a
batch reactor (12) such an effect was concluded to
be absent, but the hypothesis has not been tested
at the short, well-controlled retention times
available in a CSTR. The results of our experi-
ments are shown in Table 2. No effect was observed
over the range 1250-1550 rpm. At lower speeds,
tracer studies of the fluid residence time distri-
bution revealed the existence of macroscopic con-
centration gradients within the reactor, making
trials at lower speeds inappropriate.
The data of Table 2 and the findings of
Liebergott, et al. (12) indicate that diffusion
through a liquid film enveloping individual fibers
is not rate limiting for turbulent systems. This
conclusion was further examined by estimating the
film thicknesses present in a stirred tank reactor
and comparing them to the thickness required for a
film diffusion limitation to be responsible for the
observed chlorination rate. With reference to
trial 2 of Table 2, and assuming a pulp specific
surface area of 1 10 4 cm2 g-l, the observed rate
of 9 x 10 - 4 mol L min - l at 0.272 consistency con-
verts to a chlorine flux of 5.55 x 10-10 mol cm- 2
s- 1 . According to Fick's first law of diffusion,
this may be equated to the product of the diffusi-
vity of chlorine in water, 1.24 x 10 - 5 cm2 s-l (13)
and the gradient in chlorine concentration at the
fiber surface (see Nomenclature for parameter
definitions),
(1)




Trial Shaft Chlorine mol
Number Temp., *C Speed, rpm L-l min - , x 104
1 25.5 1250 10.0
2 26.0 1250 9.0
3 25.4 1250 8.7
4 24.1 1551 8.5
5 40.3 1300 11.0
6 40.5 1303 9.8
7 40.1 1551 11.0
aOther conditions: unbleached Klason lignin, 6.1%;
fiber conc., 2.7 g L-; chlorine conc., 0.10-0.13
g L-; pH, 1.56 - 1.70; reactor space time (mean
residence time), 62.6 - 67.1 s.
If film diffusion is limiting, then the resis-
tances associated with intrafiber diffusion and
chemical reaction may be neglected, and the con-
centration of chlorine at the fiber surface may be
assumed equal to zero. Accordingly, the chlorine
concentration gradient will be just equal to the
bulk chlorine concentration divided by the film
thickness. Solution of the above equation then
gives a film thickness of 416 pm under the assump-
tion that film transport is the RDS.
Intuition suggests that this value, being some
ten times the diameter of a pulp fiber, is so large
as to cast doubt upon the assumption on which its
calculation is based. This conclusion is rein-
forced by independent estimates of the thickness of
the immobilized film of fluid surrounding a fiber.
Ideal flow around a solid cylinder can be used to
estimate the velocity of the flow field at any
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point around a fiber. If it is conservatively
assumed that the film extends from the surface of
the fiber to a point in the fluid where the local
velocity is 96% of the bulk value, then the
thickness of the film is determined, by application
of the equation in Table 3, to be 80 im. If the
film is considered to extend only to the point
where the velocity is 35% of the bulk value, its
thickness is 5 um. These calculations provide
estimates of film thickness under laminar flow
conditions and represent inflated values relative
to the thickness that might exist in a stirred tank
reactor.
23°C to 48°C at a space time of 78 a. The Arrhe-
nius relationship was used to compute an activa-
tion energy of 2 kcal mol- 1 (Fig. 1). This process
was repeated for a series of six chlorination
trials conducted at a space time of 33 s. The re-
sulting activation energy was 1.4 kcal mol-1. Both
values are very low by comparison with the values
of 20-35 kcal moll1 that are usual for chemical
reactions, and are indicative of a physical RDS.
In the second case, Newton's law of viscosity
was used to estimate the film thickness. Typical
shear stresses at the surface of a fiber were
obtained from the work of Tam Doo, Kerekes, and
co-workers (14,15). By laser anemometry, they
determined that the shear stress at the surface of
a fiber in a dynamic drainage jar was approximately
I x 103 dyne cm- 2 at a rotational speed of 250 rpm.
The impeller radius in the CSTR is 2.94 cm; 250 rpm
in this reactor corresponds to a tangential veloc-
ity of 77 cm s- 1 at the impeller tip. This tan-
gential velocity and the experimentally determined
shear stress gave a calculated film thickness of 8
um. By comparison, the film thickness necessary
for significant film transport limitations was com-
puted on the basis of an experimental trial con-
ducted at a rotational speed of 1250 rpm (385 cm
s-1). Under these conditions the film thickness
may be expected to be even lower than 8 im and even
farther removed from the value needed to account
for the observed chlorination rate. These theoret-
ical results are summarized in Table 3 and indi-
cate that diffusion through a film is not the
controlling resistance for turbulent systems.
Table 3. A comparison of estimates of film thickness in a stirred tank reactor with the
film thickness necessary for film diffusion to be rate limiting
Calculated Film
Equation Thickness d, um
Film thickness necessary to r' * cl Dt aCcl 416
account for observed rate d
Actual filmthicness estimated v2 * V.2 ( - 2R2 + R4 5 (v-0.35V.)'
from potential nowa around cylinder r2 r4 80 (v -0.96 V. )
Actualtflm thickness estimated o w * -U V. 8 (250rpm)
from sheer stress at fiber surface d
0 The calculated values are based on a cylinder radius of 2 um.
Chemical Reaction
Chemical steps are usually much more sensitive to
temperature than physical steps due to an
inherently larger activation energy. Thus the
influence of temperature on the observed rate of
conversion can help to distinguish between chemical
and physical processes as rate limiting. A series
of eleven chlorination trials was therefore con-





Fig. 1. A plot of the logarithm of the rate con-
stant vs. the reciprocal of temperature for
CSTR runs. Chlorination conditions: un-
bleached Klason lignin, 6.2%; fiber conc.,
2.60 ± 0.02 g L- 1 ; chlorine conc., 0.15 ±
0.02 g/L: pH, 1.5 ± 0.1: shaft speed, 1360
± 20 rpm; space time, 78 ± 3 s; tempera-
ture was varied from 23°C to 48°C.
Support for this conclusion was obtained by
calculating activation energies from published
data. The results of these calculations are pre-
sented in Table 4. The activation energies are
consistently low and are observed at a variety of
contact times; there appears to be no shift in the
nature of the controlling resistance within the
examined time frame.
Intrafiber Transport
Scanning transmission electron microscopy and
energy dispersive spectrometry (STEM-EDS) were used
to analyze the radial penetration of chlorine into
fibers that had contacted chlorine water for various
times. In this analysis, an x-ray spectrum is ob-
tained at discrete points across the cell wall. A
specific peak in this spectrum is characteristic of
chlorine and can be used to determine the local
concentration of chlorine. Figure 2 depicts three
profiles resulting from a preliminary experiment in
which fibers were exposed to chlorine water at a
concentration of 2.0 g C12 L-1 . It appears that a
gradient in chlorine content, present for fibers
that had contacted chlorine for ten seconds, dimin-
ishes at longer contact times. This behavior was
verified statistically by linear regression (Table
5). The tabulated values for each of the slopes
include the mean and the 95% confidence limits.
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For fibers that had not contacted chlorine water or
had contacted chlorine water for thirty seconds,
the interval between the confidence limits includes
zero. Thus the gradient is not statistically
significant. The gradient is statistically signi-
ficant for fibers that had contacted chlorine for
ten seconds as the interval between the confidence
limits does not contain zero. These results indi-
cate that the time required for transport of
chlorine from the exterior wall to the lumen, under
quiescent conditions, is of the order of ten to
twenty seconds and is large compared to the time
anticipated to be necessary for intrinsic chemical
reaction.
Table 4. Activation energies computed from
published data using the Arrhenius
relationship. A simple rate law of the
form r = k [Chlorine] was assumed.
Contact Lignin
Reactor Time, Conver- Ea ,
Type s sion kcal mol-1 Reference
Displace-
ment 15 0.41 3.6 (8)
Displace-
ment 30 0.52 3.6 (8)
Batch 45 0.62 7.0 (8)
Batch 90 0.66 2.2 (8)
Batch 150 0.61 2.0 (2)
Batch 600 0.74 3.4 (2)
chemical reaction and intraparticle diffusion. It
has been proposed as a basis for determining
whether a given system is chemical reaction or mass
transfer controlled. Values much smaller than one
indicate reaction control, whereas larger ones indi-
cate intraparticle diffusion control.
(2)
Table 5. Slopes from linear regression of pro-
files obtained by STEM-EDS.
Contact
Time, s Slope, Mean ± 95Z Confidence Limits
Kinetic data published by Liebergott, et al.
(12) were used to compute this ratio. The observed
rate of reaction was obtained by differentiating
concentration-time data pairs and converting to the
appropriate units. Because film diffusion limita-
tions are assumed to be negligible for this analy-
sis, the concentration of chlorine at the surface
of the fiber was equated to the concentration of
chlorine in the bulk liquid phase. The cell wall
thickness was assumed to be 4 um.
The effective diffusivity of chlorine within
the cell wall represents the most difficult param-
eter to estimate for this calculation. The binary
diffusivity for chlorine and water was calculated
to be 1.24 x 10 - 5 cm2 s- 1 using a published corre-
lation (13). This value, however, is inappropriate
for characterizing diffusion of chlorine within the
cell wall. Both the pore structure and the poly-
meric constituents of the cell wall may be expected
to significantly retard intrafiber diffusion of
chlorine.
Fig. 2. Counts representing chlorine content as a
function of normalized position from the
lumen to the outer wall. Each profile
represents the average of three or more
scans. Each of the scans was determined
using a cross section obtained from a dif-
ferent fiber.
The Weisz-Prater criterion (16), F in Eq. (2),
represents the ratio of the rates of intrinsic
One mode of transport within the cell wall in-
volves diffusion of chlorine through an established
pore structure. The magnitude of any increased
resistance to diffusion is largely dependent on
pore diameter. Pore diameters in kraft fibers
range from 8 A to 300 A (17). Thus resistance to
diffusion can be expected to vary considerably.
Several factors are thought to adversely affect
diffusion within a porous substrate (18-20). The
diffusivity characterizing diffusion in pores ap-
proximating the diameter of the solute in size may
be two orders of magnitude less than the bulk dif-
fusivity (20).
In addition to transport through an established
pore structure, diffusion of chlorine through the
polymeric constituents of the cell wall must be
considered. This mode of transport will predomi-
nate if the system of pores is not continuous.
Solvent-polymer systems of interest to the plastics
industry have been studied in this respect (21).
By analogy with them, the diffusivity of chlorine
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within the polymeric constituents of the cell wall
may be estimated to be several orders of magnitude
less than the bulk diffusivity of chlorine in water.
In a study of the diffusion of water through
cellophane (22), the effective diffusivity was
determined to be 4 x 10-9 cm2 s- l. Although there
are differences between the behavior of molecular
chlorine and water as solutes, this system serves
to model some of the physical phenomena associated
with diffusion of chlorine through the cell wall.
Because the influence of these physical phenom-
ena on intrafiber diffusion of chlorine is difficult
to quantify, calculations of the Weisz-Prater cri-
terion were based on four assumed effective dif-
fusivities. The results are presented in Table 6.
For an effective diffusivity of the magnitude of
the bulk diffusivity, 10- 5 cm2 s- 1, the Weisz-
Prater criterion takes on values much less than
one. As described above, however, this value is
inappropriate for characterizing diffusion of
chlorine within the cell wall. For an assumed
effective diffusivity of 10- 9 cm2 s - 1, a value
close to that observed for the diffusion of water
through cellophane (22), intrafiber diffusion is
the RDS in the earlier stages of the reaction. At
longer contact times, the Weisz-Prater criterion
decreases. This results from a decrease in the
observed rate of reaction and assumes that the
effective diffusivity is time invariant. This
assumption may not be valid in view of the chemical
and physical changes that occur within the cell
wall as reaction proceeds.
Table 6. Calculations of the Weisz-Prater criter-
ion based on published rates of disap-
pearance of chlorine (12).
Effective Diffusivity in Cell Wall,
Time, min 10- 5 10- 7 10- 9 10-11
0.2 0.01 1.4 142.9 14290
1.0 <0.01 0.15 14.8 1480
5.0 <0.01 0.02 2.4 240
30.0 <0.01 0.01 1.1 110
Chlorination conditions: consistency, 2%; tem-
perature, 20°C; 82 chlorine on OD fiber.
the surface of the particle as the unreacted core
shrinks due to conversion of the solid reactant.
Two versions of the USC model were examined, one
assuming film diffusion as the RDS and one assuming
intraparticle diffusion as the RDS. For each of
these models, intrinsic chemical reaction is
described by a rate law that is first order with
respect to chlorine. The fiber itself is modeled
as a flat plate with reaction occurring at both
faces.
Two models presented by Ackert (8) assuming
intrinsic chemical reaction as the RDS were also
analyzed. One model is a simple rate law that is
second order with respect to lignin and a frac-
tional order with respect to chlorine. The second,
which in fact accurately correlated his data,
incorporates two parallel reactions that are first
order with respect to lignin. One of these pro-
ceeds at a rapid rate and the other is slow.
The ability of each of these models to corre-
late published data is depicted in Fig. 3. The
reference data were obtained in a plug flow reactor
(PFR) (6,7). Predictions by the USC model incor-
porating film diffusion as the primary resistance
were based on a film thickness of 30 um. Despite
the large assumed thickness, the model predicts
conversions that are greater than those found
experimentally. The USC model incorporating intra-
fiber diffusion as the RDS assumes an effective
diffusivity of 10- 7 cm2 s- 1 . This value is conser-
vative in that it recognizes the increased
resistance posed by diffusion within pores but
ignores diffusion through the polymeric constitu-
ents of the cell wall which would lower the esti-
mate by several orders of magnitude. Despite the
conservative estimate, the model adequately pre-
dicts the experimental conversions found at short
residence times. Both versions of the USC model
incorrectly predict complete conversion of lignin
at some finite time.
Analysis of Published Mathematical Models
To gain further insight into the nature of the
factors controlling chlorination, four mathemati-
cal models were evaluated for their ability to
correlate both published data and data from the
present study. The ability to predict two well-
known characteristics of pulp chlorination - the
dramatic decrease in rate and the asymptotic limit
to the conversion of lignin - were major criteria
in evaluating the models.
The unreacted shrinking core (USC) model (23)
assumes that intrinsic chemical reaction occurs at
a well defined interface within a solid particle.
This interface divides the outer product layer
from the unreacted core and advances inward from
Residence Time [sec]
Fig. 3. A comparison of the fraction conversions
of lignin determined experimentally in a
plug flow reactor (6,7) (data points) with
those predicted by selected models. Ex-
perimental conditions: unbleached Klason
lignin, 5.4%; consistency, 0.2%; chlorine
concn., 0.5 g L- 1 ; pH, 2.0; temperature,
26°C.
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The rate law proposed by Ackert grossly under-
predicts the experimental conversions. The model
involving parallel first order reactions predicts
the rapidly diminishing rate but incorrectly pre-
dicts their magnitude. Both models required intro-
duction of an empirical factor to characterize the
asymptotic limit to conversion.
The models were also tested for their ability
to correlate data obtained in the CSTR. In con-
trast to the PFR, a distribution of fiber residence
times characterizes the CSTR. Thus the exit age
distribution of a CSTR was incorporated into both
versions of the USC model. The resulting model
predictions are depicted in Fig. 4 and are based on
the parameter values selected for analysis of PFR
data. The USC model incorporating film diffusion
as the controlling resistance predicts conversions
that are greater than those found experimentally.
The model incorporating intrafiber diffusion as the
rate limiting step satisfactorily correlates the
experimental data. As stated earlier, these models
are unacceptable in that they predict complete con-
version of lignin at some finite time. The pre-
ceding conclusions for models assuming chemical
reaction as the controlling resistance are relevant
here. The model incorporating parallel first order
reactions appears to more accurately correlate the
CSTR data compared to the PFR data. This is simply
a result of the lower conversions found in the
CSTR; the model predictions are nearly equivalent
for the two data sets.
Space Time [sec]
Fig. 4. A comparison of the fraction conversions
of lignin determined from CSTR experiments
(data points) with those predicted by
selected models. The rates of disap-
pearance of chlorine determined in the
CSTR were used to calculate the fraction
conversion of lignin by assuming that one
gram of chlorine is consumed for each gram
of lignin rendered soluble in the sub-
sequent extraction stage. Experimental
conditions: unbleached Klason lignin, 5.5
± 0.9%; fiber conc. 2.7 ± 0.5 g L-1;
chlorine conc., 0.15 ± 0.05 g L- 1 ; pH, 1.6
± 0.25; temperature, 25 ± 1°C.
A NEW MECHANISTIC DESCRIPTION
The preceding experimental and theoretical analyses
and their compatibility with the hypothesized rate
controlling steps are summarized in Table 7. The
activation energies determined in this study and
other published investigations are low and indica-
tive of a physical RDS. Film transport does not
appear to be the primary resistance, however, as
increasing the impeller speed did not influence the
rate and the film thicknesses estimated to exist in
a stirred tank reactor were not of the magnitude
necessary for significant limitations. The other
analyses are supportive of intrafiber mass
transport as the controlling resistance.
Table 7. Compatibility of assumed rate limiting
steps with experimental and theoretical
analyses. This matrix applies to chlori-









tent (STEM-EDS) - +
3. Influence of im-
peller speed - + +
4. Calculated film
thickness - + +
5. Weisz-Prater
criterion - +
A plus sign indicates that the hypothesized limit-
ing step is compatible with the observed behavior.
A negative sign indicates that it is not.
The preceding information has led to the forma-
tion of a new hypothesis governing chlorination
under turbulent conditions and at low consistencies
(< 3%). The rapid early phase of delignification
is characterized by unsteady diffusion of chlorine
into the fiber coupled with rapid chemical reac-
tions. These reactions act as a sink and serve to
maintain a large gradient in the concentration of
chlorine, thereby dramatically accentuating the
flux. This situation produces the extremely rapid
consumption of chlorine that characterizes the ini-
tial seconds of chlorination. Substitution reac-
tions immobilize chlorine as it diffuses into the
cell wall, reducing the apparent diffusion coef-
ficent by several orders of magnitude. Thus a gra-
dient in chlorine content is observed across an
extremely thin cell wall (- 4 Um) after a rela-
tively long period of time (10 sec).
The decrease in rate, as well as the asymptotic
limit to conversion, are accounted for by postu-
lating structural changes within the cell wall.
The lignin macromolecule is significantly altered
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by reaction through the breaking of interunit
bonds. Lignin, and perhaps other cell wall consti-
tuents, assume more degrees of freedom and are able
to occupy more volume within the cell wall. This
results in progressive pore closure, significantly
reducing the effective diffusivity of chlorine
within the cell wall and rendering certain portions
of the remaining lignin macromolecule inaccessible
to further reaction.
This hypothesis was quantified by adapting a
model from the chemical engineering literature to
characterize pulp chlorination. The grain model
(24,25), depicted in Fig. 5, was selected because
of recognized similarities between pulp chlorina-
tion and chemical reaction in porous catalysts.
The fiber is characterized as a flat plate. With-
in the plate there exist individual spherical
grains that are composed of a cellulose-hemicellu-
lose-lignin matrix. Between the spherical grains
is a liquid-filled void that represents the network
of pores in the fiber wall. Each grain is assumed
to react as described in the USC model. In order
for chlorine to react with lignin, it must diffuse
through the liquid-filled void to the surface of
the grain, through any product layer that exists,
to the surface of the unreacted core. As reaction
proceeds, the product layer increases in volume as
the unreacted core shrinks toward the center of the
grain. If the molar volume of the solid product is
greater than the molar volume of the solid reac-
tant, then the grain swells as reaction proceeds.
This phenomenon causes the pores to constrict,
thereby retarding diffusion in the void. The
grains can swell to a point where transport through
the void becomes impossible; any solid reactant
remaining in the particle at this point is uncon-
verted. Thus the model can account for incomplete
conversion of the solid reactant.
Fig. 5. A schematic of the fiber wall as repre-
sented in the grain model. The fiber wall
is modeled as a flat plate. Within the
plate there exist spherical grains com-
posed of a cellulose-hemicellulose-lignin
matrix. Between the grains is a liquid-
filled void. Chlorine must diffuse
through the void and any product layer
before reacting with lignin at the surface
of the unreacted core.
The modified model consists of three coupled
partial differential equations and will be described
in a separate publication. The three equations re-
spectively characterize the outside radius of the
spherical grains, the radius of the unreacted core,
and the concentration of chlorine within the pores
as a function of time and position. This informa-
tion is used to compute the overall conversion of
lignin for the fiber as a function of time. The
exit age distribution is incorporated into the
model for prediction of conversions at the outlet of
a CSTR. A comparison of rates obtained in the CSTR
with predictions by the grain model is presented in
Fig. 6. Of the parameters that characterize the
model, all but two were estimated a priori or were
determined from the experiments being simulated.
The effective diffusivity of chlorine within the
solid grains was assumed to be 10-10 cm 2 s- 1 . A
relatively low value was assumed as it character-
izes diffusion solely within polymeric substances.
The remaining parameter characterizes the ratio
between the molar volume of the product and the
molar volume of the reactant. A value of 1.64 was
selected to predict the rate of disappearance of
chlorine for one experiment. The parameter remained
fixed at this value for remaining predictions.
Experimental Rate x 10 4 [mol 1 min- 1]
Fig. 6. Experimentally determined rates of disap-
pearance of chlorine vs. rates predicted
by the grain model.
Support for the hypothesis underlying this model
was sought by measuring the distribution of pore
sizes in the fiber wall before and after chlorina-
tion. A modified solute exclusion technique (SET)
was used to determine the accessibility of the cell
wall to chemical probes of varying molecular size
(17,26). The probes used for this study include
glucose and three different dextrans. The distri-
butions for kraft fibers and chlorinated fibers are
depicted in Fig. 7. The top panel shows the excel-
lent reproducibility of the three pore size distri-
butions determined for kraft fibers. Each distri-
bution is comprised of the cumulative pore volumes
determined at each of four pore diameters. The
cumulative pore volume determined for a single pore
diameter is the average of four replicate analyses.
Thus a three-spoked symbol represents overlap of
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twelve individual determinations of cumulative pore
volume, four for each of the distributions depicted
in the top panel. The precision of the cumulative
pore volume determined using glucose is significant-
ly less than for the values determined using the
larger chemical probes. Thus little can be concluded
in comparisons concerning this region of the distri-
bution (8A). The bottom panel depicts the pore size
distributions for fibers that had been chlorinated
for 60 min. The distributions indicate that there
has been a reduction in the cumulative pore volume
for larger pores (50-270A). This result shows that
pulp chlorination is accompanied by structural
changes within the cell wall that cause pore closure.
The pore size distributions for chlorinated and ex-
tracted fibers are presented in Fig. 8. The cumu-
lative pore volume for the larger pores (50-270A)
has increased relative to the distribution for
chlorinated fibers. This behavior is consistent
with the removal of chlorinated lignin during the
extraction stage. It appears that the total pore
volume for these fibers is slightly greater than
the total pore volume for untreated kraft fibers.
Pore Diameter [A]
Fig. 7. Pore size distributions for untreated
kraft fibers and chlorinated fibers. Each
panel depicts the distributions obtained
for each of these fiber types, three for
kraft fibers and two for chlorinated
fibers. Each distribution is comprised of
cumulative pore volumes determined at each
of four pore diameters. The two- and
three-spoked symbols indicate overlap be-
tween two or three experimental points,
respectively. Appropriate curves are
drawn for comparison. Chlorination con-
ditions: unbleached Klason lignin, 6.1%;
consistency, 3x; temperature, 20-22°C;
8.1% chlorine on OD fiber; 1 hr.
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Pore Diameter [A]
Fig. 8. Pore size distributions for chlorinated
and extracted fibers. Each of the three
distributions is comprised of cumulative
pore volumes determined at each of four
pore sizes. A curve for chlorinated
fibers is drawn for comparison. The two-
and three-spoked symbols indicate overlap
between two or three experimental points,
respectively. Chlorination conditions:
unbleached Klason lignin, 6.1%; consis-
tency, 3%; temperature, 20-22'C; 8.1%
chlorine on OD fiber; 1 hr. Extraction
conditions: consistency, 10%; temperature,
70°C; 4.5% NaOH on OD fiber; 1 hr.
The results of the SET experiments and the
ability of the grain model to correlate experimen-
tally determined rates provide support for our
hypothesis concerning the mechanism of pulp chlori-
nation under turbulent conditions and at low con-
sistencies. Although the grain model is not yet in
an optimized form, it satisfactorily correlates the
data obtained in the CSTR. It is a phenomenologi-
cally sound model in that it predicts both the
rapid decrease in the rate of reaction as well as
the asymptotic limit to the conversion of lignin




Chlorination trials were conducted at low consis-
tencies in a continuous stirred tank reactor
(CSTR). The reactor consists of a hollow Teflon
cylinder in a brass jacket. A diagram of the reac-
tor and supporting apparatus is depicted in Fig. 9.
An aqueous pulp slurry of the appropriate consis-
tency was prepared in the pulp reservoir, a high
density polyethylene (HOPE) 120 L rectangular tank.
A centrifugal pump used to recycle the slurry and
three variable-speed stirrers kept the pulp uni-
formly dispersed within the tank. If the trial was
to be conducted at a temperature other than ambient,
a quartz heater within the pulp reservoir and a
water bath used to circulate heated water to the
reactor's jacket were activated. Chlorine water
was prepared by passing chlorine gas through a
column of 0.3N HC1 for the appropriate time. The
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concentration of chlorine within the reservoir was
then determined iodometrically. An experiment was
initiated by starting the flows of pulp slurry and
chlorine water to the CSTR. The desired impeller
speed within the reactor was selected by adjusting
a variable-speed stirrer. After steady state
operation was achieved, samples were taken at the
reactor outlet every 3-4 min and quenched imme-
diately in a solution of potassium iodide pending
titration to determine their chlorine content. The
rate of disappearance of chlorine was then computed
from Eq. (3), a mass balance over the reactor.
embedded using Spurr's resin and sectioned using a
Sorvall Porter-Blum MT2-B ultramicrotome. STEM-EDS
linescans of the resulting sections were performed
with a Jeol-100CX scanning transmission electron
microscope with a Tracor Northern TN-2000 energy
dispersive spectrometer.
Solute Exclusion Technique
The basic technique as outlined by Stone and
Scallan (26) was conducted with two modifications.
First, experiments were conducted using solutions
at low temperatures (2-4°C) in order to minimize
diffusion of chlorolignin out of the fibers during
analysis. Although the low temperature was
necessary only for chlorinated pulp, all analyses
were conducted at this temperature to be con-
sistent. Procedural modifications involved
prechilling both the pulp to be analyzed and solu-
tions of the appropriate chemical probes (glucose
and dextrans of various molecular weights). To
determine the influence of temperature on the
analysis, experiments were conducted to determine
the pore size distributions of untreated kraft
fibers at ambient temperature (20-22°C) and at low
temperatures (2-4°C). The resulting distributions
indicated that temperature had no effect.
A second modification involved the equation
used to calculate the inaccessible water, or pore
volume, for a particular chemical probe. The ori-
ginal equation is presented as Eq. (4); parameter
definitions and their accompanying units are pro-
vided as they are an integral part of the analysis
that follows.
(4)
Fig. 9. Flow diagram of chlorination apparatus.
Scanning Transmission Electron Microscopy-
Energy Dispersive Spectrometry
A swatch of approximately ten fibers was attached
to a length of plastic capillary tubing using a
polyethylene glycol (m.p. 85'C). Prior to exposure
to chlorine water, fibers were immersed in distil-
led water for five minutes. Each swatch of fibers
was then immersed in approximately 400 mL of
quiescent chlorine water for different lengths of
time. Upon withdrawal from the chlorine water, the
fibers were placed in 500 mL of distilled water for
an additional five minutes. The treated fibers
were then dried by making a series of liquid
exchanges involving acetone. The dried fibers were
Mi = inaccessible water, g water/g OD fiber
w = mass of added solution, g
p = mass of dry sample, g
q = mass of water in sample, g
ci = concentration of stock solution, g solute/g
solution
cf - concentration of sample solution, g solute/g
solution
To calculate the inaccessible water of a sample,
Stone and Scallan assumed equality between the
ratio of concentrations in Eq. (4) and the ratio
of rotations determined using a polarimeter. An
examination of Eq. (5), however, indicates that the





a = observed rotation,
[a] = specific rotation,
c = concentration of solution, g solute/
100 mL solution
b = cell length, dm
The density of both the sample solution and the
stock solution must be accounted for, as in Eq.
(6). This equation was used to determine inac-
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NOMENCLATURE
a i = rotation of stock solution,
af = rotation of sample solution, O
Ccl = chlorine concentration, mol cm
- 3
Ccl, in = chlorine concentration determined at
CSTR inlet, mol cm- 3
Ccl,out = chlorine concentration determined at
CSTR outlet, mol cm- 3
Cs = concentration of fluid reactant at
particle surface, mol cm -3
d = thickness of film, cm
Dcl = binary diffusivity for chlorine and
water, cm2 s- 1
De = effective diffusivity, cm2 s
- 1
F = Weisz-Prater criterion, dimensionless
jcl - mass flux of chlorine, mol cm 
2 s- 1
L = 1/2 thickness of cell wall, cm
Mi = inaccessible water, g water g-l OD fiber
p = mass of dry fiber sample, g
q = mass of water associated with wet
sample, g
r = radial position from center of solid
cylinder, cm
rcl = rate of disappearance of chlorine per
unit volume, mol cm
- 3 s - 1
r'cl - rate of disappearance of chlorine per
unit area, mol cm
- 2 s- 1
(rv)obs - observed rate per unit volume of par-
ticle, mol cm
- 3 s - 1
R = radius of solid cylinder, cm
t - time, s
v = local velocity in flow field, cm s- 1
VR = volume of CSTR, cm
3
V<, = velocity of bulk fluid, cm s- 1
Vo = volumetric flow rate at CSTR outlet,
cm3 s-
1
w = mass of added solution (chemical
probe), g





= viscosity, g cml 1 s- 1
= density of stock solution, g cm- 3
= density of sample solution, g cm - 3
= space time, s
- shear stress, dyne cm- 2
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